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ABSTRACT

The functional lifetime of large-aperture optical components used on a laser such as the National
Ignition Facility is an important engineering parameter. To predict the lifetime of fused silica transmissive
optics, it is necessary to measure the rate of damage propagation as a function of fluence and understand the
effects of the laser parameters (e.g. wavelength and pulse width).

In order to begin such predictions without a large-area flat-top laser beam, damage growth experiments
were conducted using a small (I mm diameter) Gaussian beam. Damage was initiated by producing
mechanical flaws on the surface of the optic. Since output surface damage in transmissive optics can
propagate at least two orders of magnitude faster than input surface damage, the experiments were focused
on damage initiated at the output surface.

The experiments showed that if damage was initiated, it could not grow at fluences below a threshold of
about 5 and 8 J/cm? at 355 and 1064 nm, respectively. When damage was able to propagate under laser
irradiation, the phenomenon occurred in two stages. Initially, the damage grew both laterally and along the
optical axis at a rate varying linearly with fluence (stage I). Lateral growth stopped in areas where the

" fluence was lower than the growth threshold. At this point, the area of damage typically filled the size of
the beam and the rate of axial damage propagation significantly decreased. During this stage (stage II), laser
irradiation drilled at constant rate a channel through the window.

During stage 1, the damage area grew much faster at 355 nm than at 1064 nm. During stage II, 355 nm
light drilled four to five times faster than 1064 nm light. At a given fluence at 1064 nm, the drilling rate
did not-change between 3 ns and 10 ns. Finally, drilling at 1064 nm produced a well-defined cylindrical
damaged region while 355 nm light generated less regular clusters of cracks.

1. INTRODUCTION

Optics lifetime is an important engineering parameter for the design and construction of large laser-
driven inertial confinement fusion facilities. At the National Ignition Facility, transmissive optics will be
mainly exposed to fundamental (A=1064 nm) and tripled (A=355 nm) Nd:YAG laser radiation.! The material
of choice for transmissive optics is fused silica. The growth of laser-induced surface damage has several
undesirable consequences. First, damage sites in the beam path can cause a loss in energy transmitted to the
target. Second, it can scatter light and ablate or damage the structural materials in the vicinity of the optics.
This in turn can contaminate the optics and initiate further damage. Finally, damage growth beyond a
critical size may cause catastrophic failure of fused silica optical components (e.g. vacuum window
implosion).? The useful lifetime of these components therefore depends largely on the rate at which damage
can grow under repetitive illumination.

Lifetime predictions have been attempted on large-aperture systems (aperture area of the order of a meter
square) but the lack of sufficient data to build statistical confidence hinders their interpretation. Large
amounts of data can be collected using small area Gaussian laser beams (millimeter beam diameter) and
small samples (e.g. 50 mm diameter). However, one must be careful when extrapolating data obtained with
Gaussian small beams to predict the damage behavior of large-aperture optics irradiated by a flat-top beam.

Small beam laser-induced damage growth in silica has already been studied in the context of laser
processing (particularly using pico-second laser pulses).*” It was shown that under appropriate conditions, a
laser beam is able to drill channels in the bulk of a silica piece. Understanding the mechanism of laser-
induced damage growth is a necessary step towards the application of laser processing of transparent
materials. The practical purpose of this study is to develop a physical understanding of damage growth rates
rather than just provide small area data for lifetime predictions of large-aperture optics. A companion paper



in these proceedings treats the topic of lifetime predictions more directly.® After a brief outline of the
experimental procedure, this paper describes the two stages of damage growth observed during repetitive
laser illumination. The time of transition between these growth stages occurs when the damage area reaches
the size of the beam. The study then attempts to characterize the effects of laser irradiation parameters (e.g.
wavelength, pulse width, fluence) and of the nature of the initial defects causing damage to propagate
(mechanical flaw, laser-induced damage). Finally, the damage morphologies and possible damage growth
mechanisms are discussed.

2. EXPERIMENTAL PROCEDURE

Fused silica windows (diameter = 50 mm and thickness = 11 mm) were repetitively illuminated by
pulsed Nd:YAG laser radiation at near-normal incidence. The shot repetition rate was 1 Hz; a preliminary
study showed that growth rates were not strongly influenced by the repetition rate between 0.1 and 10 Hz.
In two different sets of experiments, the fundamental (A=1064 nm) and tripled (A=355 nm) wavelengths
were used. The laser pulses were Gaussian both temporally and spatially. The pulse-width was 8-ns at 355
nm. At 1064 nm, it was either 3-ns or 10-ns. The beam was focused in the far-field with a 1/e? diameter of
1.5 mm at both wavelengths. The tests were conducted in P-polarization. The fluences reported in this study
are the peak fluences of the beam.

Damage was initiated by a mechanical flaw (indentation) on the output surface. The damage dimensions
(lateral area A and axial depth b) were measured as a function of the number of shots (see Fig. 1). Growth
rates (i.e. change of lateral or axial damage size per shot) were deduced from these measurements. At 355
nm, for fluences below 35 J/cm?, damage propagated from the output surface of the sample into the bulk.
However, above 45 J/cm?, damage initiated on the input surface. At 1064 nm, for the fluences studied, only
output surface damage was observed.

3. RESULTS

Since the light intensity is lower at the input surface than at the output surface,’ the laser-induced
damage threshold (LIDT) of the input surface is higher than the LIDT of the output surface. When the laser
fluence is higher than the LIDT of the output surface and lower than that of the input surface, damage grows
from the output surface into the bulk. When the fluence is higher than the LIDT of the input surface,
damage grows from the input surface into the bulk. Unless stated otherwise, the experimental data reported
in this paper refer to output surface damage growth.

Figure 2 is a plot of damage depth and damage area as a function of the number of shots. Damage
growth progresses in two stages. The transition between the two stages occurs when the damage area
reaches the beam size. During stage I, both damage area and damage depth increase as a function of the
number of shots. During stage II, only damage depth continues to grow. The laser beam then drills a
cylindrical channel into the fused silica window. The damage depth grows faster during stage I than during
stage II. Figure 2 shows that for 30 J/cm?, 1064 nm, 10-ns pulse can grow damage depth about four times
faster during stage I than stage II. Finally, the nature of damage propagation calls for stage II to be referred
to as a drilling stage.

3.1 Stage 1 damage propagation

The damage area as a function of the number of shots at 1064 and 355 nm is plotted in Figs. 3 and 4,
respectively. Figures 5 and 6 show the damage depth as a function of the number of shots for the same set
of experiments. In these plots, the transition between the two damage growth stages is quite clear.

First, damage does not propagate from a mechanical flaw (indentation or scratch) below a threshold of
about 5 and 11 J/em® at 355 and 1064 nm. If damage is initiated by a high fluence shot, the damage growth
threshold at 1064 nm drops to about 8 J/cm®. These numbers are consistent with earlier studies which
showed that below 5 J/cm?, damage initiated by output surface contamination particles at 355 nm is
stable.'

At a given laser wavelength, the damage depth increases linearly with the number of shots. The end of
stage I is marked by a significant reduction in depth growth rate. At constant fluence, the damage grows



more quickly at 355 than at 1064 nm. Furthermore, the diameter of the damaged zone exceeds the 1/e* beam
diameter at the end of stage I at both wavelengths. Since the damaged area is nearly circular, a damage
diameter d can be extracted from the previous data. Figures 7 and 8 show the damage aspect ratio (diameter
divided by depth) as a function of the number of shots during stage I. The damage aspect ratio is fairly
constant; 1.3 at 1064 nm, and 2.0 at 355 nm. Such aspect ratio is likely to be strongly influenced by the
shape of the beam. For a Gaussian beam, it is anticipated that the ratio be smaller than for a flat-top beam
since the fluence decreases with distance from the axis of the beam.

3.2 Stage II drilling

Stage II begins once damage only grows along the direction of the optical axis and lateral growth stops.
At constant fluence, the beam drills into the bulk of fused silica at constant rate. Figure 9 shows the growth
rate as a function of fluence at 1064 and 355 nm. No drilling at a mechanical flaw occurs below 5 J/em? at
355 nm and 11 J/cm? at 1064 nm. Above these drilling thresholds, the drilling rate increases linearly with
fluence at both wavelengths. At a given fluence, drilling occurs always faster at 355 than at 1064 nm.
Figure 10 shows that at an increase in pulse-width from 3-ns to 10-ns 1064 nm does not seem to influence
the drilling rate (within the fluence range investigated here).

Figure 11 illustrates how the drilling rate at a fixed site of the sample (1064 nm; 10 ns) can vary as a
function of fluence and how the nature of the damage initiation defect can influence the drilling threshold.
Laser damage was first initiated at a mechanical flaw. The fluence was gradually increased above the onset of
drilling (point A) where the drilling rate jumped to about 4 pm/shot (point B). The drilling rate then
increased linearly (to point C) and decreased (along C-D) until drilling stopped (point D). The drilling rate as

“a function of fluence shows an hysteresis. This hysteresis disappears when the same experiment is carried
out on a laser-damaged site as a precursor of damage growth rather than a mechanical flaw.

During stage II, the damage morphology consists of narrow channels. Figure 12-shows that at 1064
nm, a 30 J/cm? peak fluence beam drills wider channels than a 20 J/cm® peak fluence beam. At a given
fluence and beam size, 355 nm radiation causes more cracking than 1064 nm radiation (Fig. 13).

Laser drilling from the front side shows a different morphology. Front side drilling does not produce
visible cracks but rather a smooth-walled molten channel (Fig. 14). Front side drilling was found to occur at
a rate two orders of magnitude slower than backside drilling.

4. DISCUSSION

Stage I is characterized by axial and lateral damage growth. The damage aspect ratio (i.e. diameter to
depth ratio) remains roughly constant as damage dimensions increase (Figs. 7 and 8). At 355 nm, damage is
nearly hemispherical (average aspect ratio of about 2) while at 1064 nm damage is more elongated in the
axial direction (ratio of about 1.3). Damage area saturation marks the onset of stage II (Fig. 2). The aspect
ratio is likely to be strongly influenced by the shape of the beam (Gaussian vs. flat-top). While the damage
is shallow, the potential for stress relief at the surface may also influence the path of damage propagation.
During the final stage of drilling, as the drilled channel is about to break through the input surface, damage
growth was found to accelerate. Figure 15 illustrates schematically how the drilling rate varies as drilling
progresses through the thickness of the silica window. Figures 3 through 6 indicate that output surface
damage growth is more severe at shorter wavelengths and at higher fluences.

At 1064 nm, stage 1I drilling rate does not depend on pulse width; this observation should be veritied
with longer pulse-width and at other wavelengths. Unlike the damage threshold," the drilling rate only
depends on the total energy input and not on the energy deposition rate (Fig. 10). This indicates that laser
drilling may occur well after the laser pulse is over.

The hysteresis shown in Fig. 11 can be explained in terms of damage precursors. At point A, drilling
is initiated at a mechanical flaw at about 11 J/cm? When the fluence is increased, the drilling rate jumps
from O to about 4 pm/shot and follows the linear segment B-C in Fig. 11. If the fluence is decreased, the
drilling rate decreases along the segment C-D. Finally, if the fluence is increased again, drilling can resume
along the same segment at only 7 or 8 J/cm?®. This clearly points out the difference in drilling threshold
between a mechanical flaw and a laser-induced flaw. This may also indicate that the laser light does not
simply crack fused silica. Fused silica may have undergone a transformation upon laser irradiation. Figure



16 shows several scanning electron micrographs of the debris found inside a channel drilled at 1064 nm. The
debris seems to have melted (round particles). As damage growth requires absorption of energy, two
mechanisms for such absorption can be thought of. On one hand, light can be locally enhanced by cracks in
fused silica.”? Since cracks are also mechanical weak spots, this could explain why the damage threshold of
a mechanical flaw (about 11 J/cm? at 1064 nm, 10-ns) is much lower than the damage threshold of a
polished fused silica surface (about 60 J/cm? at 1064 nm, 10-ns). On the other hand, laser damaged fused
silica may be slightly more absorbing thus transferring laser energy into the sample more effectively and
damaging it at lower fluences.

For a Gaussian beam, as peak fluence increases, the 1/¢* diameter remains constant (by definition).
However, the diameter of the region above a cut-off fluence increases with increasing peak fluence. Figure
12 shows that at 1064 nm, the diameter of the drilled channel increases with fluence and that its rim
coincides with the location where the fluence is about 8 J/cm? (regardless of the beam peak fluence). Since
the drilling threshold at laser-damaged sites falls between 7 and 8 J/cm?* (see Fig. 11), the diameter of the
channel seems to be mainly determined by this threshold. For a Gaussian beam, the continuously varying
intensity profile therefore imposes a cut-off in the damage width. On the other hand, for a flat-top beam,
lateral damage growth is predicted to increase continuously during irradiation above the drilling threshold.

At 355 nm, the drilling morphology consists of clusters of cracks centered along the beam optical axis
(see Fig. 13). The cracks tend to occur in a more irregular fashion and it becomes more difficult to define or
determine precisely the channel width. This observation and the higher drilling rate indicate that for a given
fluence, more energy is deposited into the sample at 355 nm than at 1064 nm.

Finally, for the collimated beam used in the study, front side drilling occurred more easily at 355 nm
than 1064 nm. The onset of front side drilling typically inhibits backside drilling. The plasma ignited at the
front side shields the material downstream from the beam. The front side drilling cone shown in Fig. 14 has
the typical shape of ablation craters." "

5. CONCLUSIONS

The growth of laser-induced damage at 355 nm and 1064 nm in fused silica under small (I mm
diameter) Gaussian beam irradiation occurs in two stages. First, damage grows both laterally and along the
optical axis, as long as the size of lateral damage is less than the beam size (stage I). The growth rate is
linear with fluence. Damage stops to grow at fluences below a threshold of 5 and 8 J/cm? at 355 and 1064
nm, respectively. Above these threshold fluences, once the damaged zone fills the irradiated area, damage
only grows along the optical axis (laser drilling mode, stage II). At 1064 nm, the rim of the damaged
cylinder corresponds to the location where the fluence is higher than the drilling threshold of 8 J/cm? The
diameter of the drilled channel at 1064 nm therefore depends on the intensity profile of the beam and on the
damage growth threshold of the material. The damage aspect ratio is constant during stage I (1.3 at 1064 nm
and 2.0 at 355 nm). For flat-top beams, this ratio should be higher since the fluence does not drop with
distance from the center (lateral growth is expected to propagate faster).

The early phase of stage I data could be used to predict damage growth in large-aperture optics, where
the damage size is always smaller than the beam size, but such data has to be scaled to take the beam shape
into account. On-going work with a larger flat-top beam (5 mm x 5 mm) will allow us to extend stage 1
growth results at both 355 and 1064 nm and obtain data to predict large-aperture optics lifetime.

During stage I, the damage area grows much faster at 355 nm than at 1064 nm. During stage II, 355
nm light drills four to five times faster than 1064 nm light. At a given fluence at 1064 nm, the drilling rate
does not change between 3 ns and 10 ns. This lack of dependence on pulse-width should be confirmed by
experiments at shorter or longer pulse widths. Finally, drilling at 1064 nm produces a well-defined
cylindrical damaged region while 355 nm light generates less regular clusters of cracks.
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Figure 1: Sketch defining the quantities measured during this study. The Gaussian beam
profile is shown on the right; the 1/¢* diameter of the beam is about 1.5 mm.
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Figure 2: Damage depth and damage area as a function of the number of shots (A=1064 nm, 10-ns,
30 J/em®) showing the transition between the two damage growth stages.
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Figure 13: Drilling morphology at 1064 nm (left)
and 355 nm (right). The arrow indicates
the 1/e* diameter of the beam (1.5 mm
at both wavelengths).
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Figure 16: SEM micrographs of the debris found inside a channel drilled at 1064 nm.



